Introduction
The molecular signaling mechanisms underlying Alzheimer's disease (AD) pathophysiology remain elusive, hindering the development of effective treatments. AD is characterized by profound memory loss and synaptic failure (1) . A substantial body of evidence demonstrates that long-lasting forms of memory and synaptic plasticity require de novo protein synthesis, i.e., mRNA translation (2) (3) (4) (5) (6) . Impaired translational capacity and ribosomal function have been observed in the brains of human AD patients, and recent studies indicate that protein synthesis impairments may contribute to cognitive defects in neurodegenerative diseases, such as AD, prion disease, and frontotemporal dementia (FTD) (7) (8) (9) (10) (11) . Protein synthesis depends in part on eukaryotic elongation factor 2 (eEF2), which mediates the translocation step of elongation, catalyzing movement of tRNA from the ribosomal A-site to the P-site via GTP hydrolysis (12) . Phosphorylation of eEF2 at Thr56 by its only known kinase, eEF2 kinase (eEF2K), disrupts peptide growth and represses general protein synthesis (12, 13) . Abnormal hyperphosphorylation of eEF2 was observed in postmortem brain tissue from AD patients and in the brains of AD mouse models, but its link to AD-associated impairments of synaptic plasticity and memory is unknown (14, 15) . Here, we aimed to determine whether genetic inhibition of eEF2K/eEF2 signaling could improve protein synthesis and alleviate pathophysiology in AD model mice. Tg19959 AD model mice are corrected by genetic reduction of eEF2K. By performing Western blot analysis on postmortem hippocampal tissue from human AD patients and age-matched controls, we found significantly increased levels of eEF2 phosphorylation at the Thr56 site ( Figure 1A and Table 1) . Moreover, we assayed postmortem human hippocampal tissues from patients with neuropathologically confirmed FTD and Lewy body dementia (LBD), 2 non-AD dementia syndromes (Tables 2 and  3) . Notably, eEF2 was not hyperphosphorylated in either FTD or LBD tissues compared with their respective age-matched controls ( Figure 1 , B-C). Furthermore, immunohistochemical analysis of fixed postmortem brain sections from AD patients revealed increased levels of cytoplasmic phosphorylated eEFT (phosphoeEF2) throughout the AD hippocampus, including both neuronal soma and processes ( Figure 1D ). Next, we crossed Tg19959 AD model mice with a line of mice lacking eEF2K (Eef2k +/-) to generate 4 genotypes: WT, Tg19959, heterozygous eEF2K +/-knockdown (eEF2K +/-), and Tg19959/eEF2K +/-double-mutant (Tg/ eEF2K +/-) mice ( Figure 1E ). Both male and female mice aged 6 to 9 months were used for experimentation. As expected, Tg19959 mice showed significantly more eEF2 phosphorylation in hippocampal lysates than WT littermates ( Figure 1E ). Compared with that of Tg19959 mice, eEF2 phosphorylation in hippocampal lysates of Tg19959/eEF2K +/-mice was restored to WT levels ( Figure 1E ). The eEF2K reduction did not affect gross morphology of the hippocampus, nor did it impact total levels of eEF2 (Supplemental Figure 1 , A-C; supplemental material available online with this article; https://doi.org/10.1172/JCI122954DS1). In addition, expression of the structural components of protein Molecular signaling mechanisms underlying Alzheimer's disease (AD) remain unclear. Maintenance of memory and synaptic plasticity depend on de novo protein synthesis, dysregulation of which is implicated in AD. Recent studies showed ADassociated hyperphosphorylation of mRNA translation factor eukaryotic elongation factor 2 (eEF2), which results in inhibition of protein synthesis. We tested to determine whether suppression of eEF2 phosphorylation could improve protein synthesis capacity and AD-associated cognitive and synaptic impairments. Genetic reduction of the eEF2 kinase (eEF2K) in 2 AD mouse models suppressed AD-associated eEF2 hyperphosphorylation and improved memory deficits and hippocampal long-term potentiation (LTP) impairments without altering brain amyloid β (Aβ) pathology. Furthermore, eEF2K reduction alleviated ADassociated defects in dendritic spine morphology, postsynaptic density formation, de novo protein synthesis, and dendritic polyribosome assembly. Our results link eEF2K/eEF2 signaling dysregulation to AD pathophysiology and therefore offer a feasible therapeutic target.
Results

eEF2 hyperphosphorylation and de novo protein synthesis impairments in
Genetic reduction of eEF2 kinase alleviates pathophysiology in Alzheimer's disease model mice eEF2K reduction alleviates cognitive deficits in Tg19959 AD model mice. To determine whether genetic reduction of eEF2K could alleviate AD-associated cognitive impairments, we subjected Tg19959 mice to a series of behavioral tasks. We first performed the open-field (OF) test to assess general locomotor activity and anxiety and did not observe any differences among the 4 genotypes (Supplemental Figure 2 , B-D). Next, we used the novel object recognition (NOR) test to assess the animals' working memory ability (18, 19) . Both WT and eEF2K +/-mice exhibited preference for the novel object over the familiar object on the test day, as indicated by significantly more interaction with the novel object ( Figure 2A ). Tg19959 AD model animals, on the other hand, phosphatase 2A (PP2A), the known phosphatase for eEF2, was not affected across the 4 genotypes (Supplemental Figure 1, D-F) .
We further investigated the effects of eEF2K reduction on de novo protein synthesis by using surface sensing of translation (SUnSET), a nonradioactive puromycin end-labeling assay (16, 17) . Consistent with previous studies, hippocampal de novo protein synthesis (indicated by puromycin labeling) was significantly reduced in Tg19959 mice compared with WT (Figure 1 , F and G). In contrast, protein synthesis levels were significantly improved in Tg19959/eEF2K mice compared with Tg19959 mice, which is consistent with suppression of eEF2 phosphorylation (Figure 1, F and G) . (A) Postmortem human hippocampal lysates from AD patients exhibit increased eEF2 phosphorylation compared with those of age-matched controls (CT). n = 9. *P < 0.05, unpaired t test. (B) Human postmortem hippocampal tissue from FTD patients shows decreased eEF2 phosphorylation compared with that of healthy controls. Controls, n = 8; FTD, n = 5. **P < 0.01, unpaired t test. (C) eEF2 phosphorylation is not affected in hippocampal tissue from LBD patients (n = 4) compared with that of age-matched controls. n = 5. P = 0.99, unpaired t test. Error bars for human patient data indicate ± SEM. (D) Representative images demonstrating hyperphosphorylation of eEF2 in the AD hippocampus. Insets are shown at ×60 magnification. Scale bars: 300 μm (×20); 40 μm (×60). Immunohistochemical experiments were replicated 3 times. (E) Genetic reduction of eEF2K corrects eEF2 hyperphosphorylation in hippocampal lysates from Tg19959 AD model mice. n = 10. *P < 0.05; **P < 0.01, 1-way ANOVA with Tukey's post hoc test. of synaptic plasticity and cellular model for learning and memory (21, 23) . While WT and eEF2K +/-mice showed robust, sustained hippocampal LTP over 90 minutes, Tg19959 mice exhibited LTP deficits ( Figure 2, F-H) . Importantly, genetic reduction of eEF2K attenuated LTP impairments in Tg19959 mice (Figure 2 , F-H). To determine whether LTP rescue in the Tg19959/eEF2K +/-mice depended on protein synthesis, we performed LTP experiments in the presence of anisomycin (40 μM), a general mRNA translation inhibitor (2) . WT slices treated with anisomycin exhibited LTP failure compared with vehicle-treated slices (Figure 2 , I-K). LTP in Tg19959/eEF2K +/-slices was also inhibited by anisomycin treatment, indicating that eEF2K reduction rescued LTP in Tg19959 mice via a protein synthesisdependent mechanism (Figure 2 , I-K). Interestingly, genetic eEF2K depletion did not significantly alter hippocampal LTP in younger Tg19959 mice (4 to 5 months), corroborating recent reports that eEF2K hyperactivity affects AD model animals with age (Supplemental Figure 2 , J and K) (15) .
We next investigated potential mechanisms through which eEF2K reduction might confer protective effects on Tg19959 mice. We first examined amyloid β (Aβ) pathology and found similar Aβ plaque deposition in the hippocampal and cortical brain areas of Tg19959 and Tg19959/eEF2K +/-mice ( Figure 3 , A-D). We then used ELISA to determine whether eEF2K reduction affected brain levels of Aβ 1-42 or Aβ 1-40 and found no differences between Tg19959 and Tg19959/eEF2K +/-mice ( Figure 3 , E and F). Furthermore, eEF2K reduction did not affect the expression of key APP processing enzymes in Tg19959 mice, including β-secretase 1 spent roughly equal amounts of time with the familiar and novel objects, indicating a cognitive impairment (Figure 2A ). In contrast, Tg19959 mice with reduced eEF2K expression showed performance similar to that of WT mice, spending significantly more time with novel than with familiar objects (Figure 2A) .
We next evaluated spatial learning and memory by testing mice on the object location memory (OLM) and Morris water maze (MWM) tasks (17, 20) . In the OLM task, both WT and eEF2K +/-mice exhibited normal cognition and spent more time exploring objects at the new location than the old location. Tg19959 mice, however, failed to recognize the relocated object and spent equal amounts of time with both objects, indicating a cognitive deficit ( Figure 2B ) (20) . Notably, Tg19959/eEF2K +/-mice showed a preference for objects in the new location, suggesting normal cognition ( Figure  2B ). In agreement with these findings, results from the MWM task showed learning and memory impairments in Tg19959 mice that were improved with eEF2K inhibition ( Figure 2, C-E) . In addition, we tested mice on a visible platform task to assess memory-independent effects associated with eEF2K suppression, such as vision and swimming ability (17) . Latency to locate the platform was not significantly different between Tg19959 and Tg19959/eEF2K +/-mice (Supplemental Figure 2I) . Taking these data together, suppression of eEF2K alleviated cognitive impairments in Tg19959 mice.
Suppression of eEF2K improves LTP impairments in Tg19959 AD model mice. AD is characterized by synaptic failure (1, 21, 22) . We investigated whether eEF2K suppression could prevent AD-associated impairments of long-term potentiation (LTP), a well-characterized form (Figure 2 , I-K). Protein incorporation assays and polysome profiling both show reduced translational capacity in the brains of human AD patients (7, 8) . Polyribosomes are clusters of ribosomes engaged in active, ongoing translation; increased polyribosome count implies greater translational capacity and has been associated with synaptic plasticity and memory formation (30, 31) . We utilized transmission EM (TEM) to investigate whether suppression of eEF2 phosphorylation via eEF2K reduction affected polyribosomes in area CA1 of the hippocampus. Compared with WT, Tg19959 mice exhibited fewer dendritic polyribosomes, indicating impaired mRNA translation. Notably, genetic reduction of eEF2K improved dendritic polyribosome deficiency in Tg19959 mice ( Figure 5, A and B) . Interestingly, polyribosome assembly was unaltered in eEF2K +/-mice ( Figure 5 , A and B). These findings are consistent with our SUnSET data (Figure 1 , F and G), suggesting improvement of de novo protein synthesis in AD mice with eEF2K suppression. We further performed mass spectrometrybased (MS-based) proteomic experiments to assess alterations of protein profiling. In brief, proteins upregulated by genetic eEF2K reduction were central to synaptic function, calcium buffering, mitochondrial function, and ATP generation ( Figure 5C and Table  4 ). Reduced eEF2K expression downregulated certain cytoskeletal proteins, calcium signaling, plasma membrane dynamics, RNA binding, protein folding, and nitric oxide generation ( Figure 5D and Table 5 ). Ten proteins in total were significantly changed in Tg19959 compared with WT mice and normalized with eEF2K reduction. These included proteins involved in Ca 2+ signaling, cytoskeletal dynamics, mitochondrial function and ATP biosynthesis, and synaptic function (Tables 4 and 5) .
Suppression of eEF2K corrects defects in APP/PS1 AD model mice. We further replicated our findings in APP/PS1 mice, another established rodent model of AD (32) . We crossed APP/PS1 mice with heterozygous Eef2k +/-mice to generate WT, APP/PS1, eEF2K +/-knockdown, and APP/PS1/eEF2K +/-double-mutant littermates. Like Tg19959 mice, the APP/PS1 animals exhibited hippocampal eEF2 hyperphosphorylation that was corrected by eEF2K reduction independently of total eEF2 levels ( Figure 6 , A and B, and Supplemental Figure 5A ).
To validate the effects of eEF2K knockdown on hippocampaldependent long-term memory formation in AD model mice, 10-to 12-month-old male and female WT, APP/PS1, eEF2K +/-, and APP/ PS1/eEF2K +/-mice were subjected to the NOR and OLM tasks. Performance of APP/PS1 mice was impaired in both paradigms. In the NOR task, APP/PS1 mice failed to discriminate object novelty ( Figure 6C ). Similarly, APP/PS1 mice did not distinguish between object locations in the OLM task ( Figure 6D ). In contrast, APP/PS1/ eEF2K +/-mice exhibited normal cognition in both behavioral paradigms ( Figure 6 , C and D). We further evaluated synaptic plasticity in these animals by inducing LTP in hippocampal slices. APP/PS1 slices exhibited LTP failure that was alleviated with genetic eEF2K knockdown ( Figure 6 , E and F). Finally, brain levels of both Aβ 1-42 and 1-40 peptides were not significantly altered in APP/PS1 mice with genetic reduction of eEF2K ( Figure 6 , G and H). More-(BACE1) or γ-secretase subunits (Supplemental Figure 3) . Expression of a key Aβ degrading enzyme, neprilysin, was also unaltered with eEF2K inhibition (Supplemental Figure 3C ). Together, these results indicate that eEF2K reduction improved long-term memory formation and synaptic plasticity in AD model mice independently of Aβ pathology.
Genetic reduction of eEF2K modulates spine density and morphology in AD model mice. Regulation of dendritic spine morphology is indicative of synaptic integrity and is closely associated with neural plasticity and memory formation (24, 25) . Synapse loss correlates robustly with memory impairments in human AD patients and AD animal models (23, 26) . Furthermore, de novo protein synthesis can affect spine density, morphology, and synapse strength (5, 27) . Using the rapid Golgi-Cox staining protocol (28), we assessed spine density in apical hippocampal dendrites of area CA1 stratum radiatum. Overall dendritic spine density in Tg19959 AD mice was significantly lower compared with that in WT controls and was restored by genetic reduction of eEF2K (Figure 4 , A and B). We further analyzed changes in spine morphology based on published guidelines (Supplemental Figure 4) (28) . We found that the density of "mature" spines (mushroom, stubby, branched) in Tg19955 mice was decreased compared with that in WT controls. Notably, mature spine morphology in Tg19959/ eEF2K +/-mice was restored to WT levels ( Figure 4C ). No differences were observed for overall "immature" spines (thin and filopodial) across all groups ( Figure 4D ). Of note, the density of filopodial spines was significantly increased in Tg19959 mice; this was blunted by eEF2K suppression (Supplemental Figure 4F) . Furthermore, we used transmission electron microscopy (TEM) to examine postsynaptic densities (PSDs), which are located at the heads of spines and critical for synaptic function (24, 29) . Ultrastructural analysis of hippocampal area CA1 revealed decreased PSD density in Tg19959 mice, which was restored to WT levels by suppression of eEF2K ( Figure 4 , E and F). Taking these data together, genetic suppression of eEF2K prevented defects in hippocampal spine density/morphology and PSD formation in Tg19959 AD model mice. These data are consistent with the results from our behavioral and electrophysiological studies ( Figure 2 ).
Genetic reduction of eEF2K upregulates protein synthesis capacity in AD model mice. We showed that resistance to LTP failure in Tg19959/eEF2K +/-hippocampal slices depended on de novo pro- , n = 10. *P < 0.05; **P < 0.01; ***P < 0.001, paired t test). (C) Escape latency in MWM. Tg19959 (n = 12) had significantly longer latency to platform than WT (n = 14; P < 0.001), eEF2K +/-(n = 15; P < 0.001), and Tg19959/eEF2K over, brain levels of p-tau were similar between APP/PS1 and APP/ PS1/eEF2K +/-mice (Supplemental Figure 5F ). These findings are consistent with the results from the Tg19959 mouse experiments described above, indicating that genetic suppression of eEF2K activity, and thus eEF2 phosphorylation, prevents AD-associated cognitive impairments and synaptic plasticity failure.
Discussion
Present disease-modifying strategies in AD clinical trials have met with limited success, and it is urgent to identify alternative therapeutic avenues based on solid mechanistic studies. Here, we report that genetic reduction of eEF2K alleviated memory impairments and synaptic failure in 2 separate lines of AD model mice, raising the possibility that targeting the eEF2K/eEF2 signaling pathway could protect against AD and other cognitive syndromes associated with dysregulated protein synthesis. Our findings are consistent with recent studies showing AD-associated hyperactivity of AMPK, a molecular energy sensor that activates eEF2K via phosphorylation in response to low energy states (14, 33, 34) . AD is characterized by oxidative stress and energy metabolism defi- ciency (21, 35, 36) . Phosphorylation of eEF2 by eEF2K (controlled by AMPK) inhibits general protein synthesis, which is a protective strategy under physiological conditions for cells to cope with stress, since decreased mRNA translation helps cells conserve energy and enhance the expression of stress-related proteins (37, 38) . It was also reported that eEF2K activation promotes survival of tumor cells under conditions of nutrient deprivation (39) . Nevertheless, severe and prolonged cellular stress under pathological conditions, such as AD, results in long-term and irreversible mRNA translation suppression, which is detrimental because de novo protein synthesis is critical for the maintenance of memory and synaptic plasticity (27, 40) . Protein synthesis takes place in 3 phases: initiation, elongation, and termination. Much attention has been given to the initiation process, which is usually considered the rate-limiting step during de novo protein synthesis (41) . However, low cellular mRNA translational capacity in neuronal dendrites would require upregulation of both initiation and elongation processes to meet the substantial need of new protein synthesis associated with maintenance of memory and synaptic plasticity (27) . The mammalian (mechanistic) target of rapamycin complex 1 (mTORC1) and eukaryotic initiation factor 2 (eIF2) signaling cascades are critical for regulation of translation initiation in protein synthesis-dependent forms of memory and synaptic plasticity (42, 43) . mTORC1 also controls translation elongation by inhibiting eEF2K and thus eEF2 phosphorylation either directly or through its downstream effector S6 kinase 1 (S6K1) (12) . Further, we previously reported increased phosphorylation of the α subunit of eIF2 (eIF2α) in AD brains (17) . Suppression of eIF2α phosphorylation corrected AD-associated cognitive and synaptic plasticity defects (17) , indicating a crucial role of translation initiation dysregulation in AD pathogenesis. Mounting evidence suggests an important role for elongation regulation in cognition, with recent studies linking dysregulation of elongation factors with AD pathophysiology (15, (44) (45) (46) (47) . Of note, a recent study showed a connection between eIF2 signaling and eEF2 phosphorylation in neurons (48) . While additional studies are warranted to evaluate ADassociated dysregulation of initiation and elongation separately, there is evidence for crosstalk between these 2 phases of translation via eIF2 and eEF2. How this relationship is affected in AD remains to be elucidated. Unlike initiation, however, elongation may offer more promising therapeutic strategies for dementia treatment. The only known substrate for eEF2K is eEF2, and this specificity makes it an attractive target for AD therapy in avoiding off-target effects. Further, there are several available selective eEF2K antagonists, and future studies are important to determine whether these inhibitors are effective in alleviating cognition defects in AD (12, 49) . tors (NMDARs) and/or release of Ca 2+ from intracellular stores under endoplasmic reticulum stress in AD likely drives a number of pathological mechanisms, including eEF2K overactivation and subsequent eEF2 hyperphosphorylation (53) . Moreover, our proteomics study showed that eEF2K reduction in AD model mice restored protein levels of calbindin, a Ca 2+ -buffering molecule, and reduced levels of the L-type Ca 2+ channel modulator NIPSNAP2 (55, 56) . These results suggest a feedback loop between Ca 2+ levels and eEF2K/eEF2 signaling, providing an additional mechanistic explanation for improvements of AD-associated cognitive and plasticity impairments by eEF2K suppression.
It is worth mentioning that hippocampal eEF2K phosphorylation was increased in AD, but not in FTD or LBD, brain samples ( Figure 1 ). AD cases in this study were characterized by high levels of hippocampal phosphorylated τ (neurofibrillary tangles) and Aβ (plaques). FTD cases (all patients reported here were diagnosed The eEF2/eEF2K signaling pathway is implicated in memory formation and synaptic function. A recent study showed that synaptic activity could modulate spine morphology via eEF2K activity. Repression of eEF2K activity impaired spine formation and dendritic BDNF release (50) . This work seemingly contradicts our own, as we found eEF2K knockdown enhanced dendritic spine density and maturity in Tg19959 AD model mice ( Figure  4 ). There are a number of important differences between the 2 studies, including the model system (cultured neurons from rats vs. aged mice) and approaches (siRNA vs. knockout mice). Interestingly, we did observe significantly fewer stubby spines in the heterozygous eEF2K +/-dendrites compared with WT (Supplemental Figure 4D ). Multiple lines of evidence indicate that the eEF2/ eEF2K pathway serves as a molecular sensor of synaptic stimulation that modulates the homeostatic conditions of the neuron (51 ). All genotyping was determined by PCR. Tg19959 cohorts underwent all experimental protocols at 6 to 9 months of age, while APP/PS1 cohorts were evaluated at 10 to 12 months of age (32, 62) . To assess hippocampal synaptic plasticity at a younger age, Tg19959 cohorts were subjected to electrophysiological experiments for measurement of LTP at 4 to 5 months of age.
OF assay. Mice were handled for at least 5 days prior to behavioral testing and habituated to the testing facility for an hour prior to experimentation. Animals were placed in an opaque plastic OF chamber (40 cm × 40 cm × 40cm) and allowed to explore for 15 minutes. Time spent in the center and periphery of the chamber was measured and calculated as a percentage of total time. Distance moved and velocity were measured using EthoVision XT Tracking Software (Noldus Information Technology). Data collection and analysis were performed blinded.
NOR. Mice underwent a 2-day familiarization protocol in which they were placed in an opaque, plastic arena (40 cm × 40 cm × 40 cm) with 2 identical objects and allowed to explore for 5 minutes. Twenty-four hours after familiarization, animals were tested in the arena for 5 minutes with one object replaced with a novel object. All objects were randomly assigned to mice, and placement of novel objects was counterbalanced. Time spent with each object was measured and calculated as a percentage of the total interaction time. Novel object preference of less than 50% indicates memory impairment (18) . Time with objects was measured both manually and using EthoVision 7 tracking software. Mice with a total interaction time of less than 10 seconds were excluded from analysis. Data collection and analysis were performed blinded.
OLM task. Mice were habituated to an opaque, plastic chamber (40 cm × 40 cm × 40 cm) with visible spatial cues for 10 minutes. After 24 hours, mice were returned to the chamber with 2 identical objects placed in the arena and allowed to freely explore for 10 minutes. Twentyfour hours later, mice were again returned to the chamber with one object moved to the opposite side of the arena. Objects and changes in object location were randomly determined and counterbalanced. Time spent with each object was measured and calculated as a percentage of the total interaction time. Novel object preference of less than 50% indicates memory impairment (18) . Time with objects was measured both manually and using EthoVision XT tracking software. Mice with a total interaction time of less than 10 seconds were excluded from analysis. Data collection and analysis were performed blinded.
MWM. MWM was performed as previously described (17) . The paradigm consisted of 4 trials (60-second maximum, 15-minute interval) per day for 5 consecutive days. Escape latency was measured each training day. A probe trial was performed 2 hours following training on the fifth day. The visible platform task consisted of 4 trials per day for 2 consecutive days, with the escape platform marked by a visible cue and moved with progressive supranuclear palsy) typically have significant hippocampal τ phosphorylation (p-tau), while LBD cases are burdened by hippocampal α-synuclein and lack substantial levels of p-tau (57, 58) . Moreover, both FTD and LBD cases lack significant hippocampal Aβ deposition (57, 58) . Our findings suggests that eEF2 hyperphosphorylation may be specific to AD-related pathological processes, such as Aβ or AD-type p-tau, and not related to frontotemporal lobar degeneration-tau (FTLD-tau), α-synuclein, or nonspecific neurodegenerative disease processes that span a diverse array of conditions. Interestingly, we did observe a significant decrease in hippocampal eEF2 phosphorylation in FTD patients ( Figure 1B ). Future studies are needed to evaluate the specificity of eEF2 hyperphosphorylation to the pathologic changes in AD and other dementia syndromes.
In summary, our work demonstrates that eEF2K reduction rescues long-term memory and synaptic plasticity deficits in AD model mice. Genetic reduction of eEF2K influenced memory and plasticity-related mechanisms, including spine density, and upregulation of de novo protein synthesis. Thus, the eEF2/eEF2K pathway may be a potential therapeutic target for future AD interventions.
Methods
Postmortem tissue samples. All postmortem human tissue was obtained from the University of Washington School of Medicine Brain Bank. Diagnoses were based on cognitive testing, postmortem Braak staging (AD stages V-VI) stage, and Consortium to Establish a Registry for Alzheimer's Disease (CERAD) scores (59, 60) . Studies were performed using hippocampal tissue from male and female patients clinically diagnosed with AD (n = 9) and age-matched controls (n = 9). Patient information is presented in Table 1 . Mean age of death was 89.6 years. Postmortem interval (PMI) ranged between 2 and 10 hours, with a mean of 5.3 hours. For hippocampal tissue from FTD patients (n = 5) and age-matched controls (n = 8), mean age of death was 80.4 years, with a PMI between 3 and 9 hours and an average of 4.8 hours (Table  2) . For hippocampal tissue from LBD patients (n = 5) and age-matched controls (n = 5), mean age of death was 85.2 years, with a PMI between 3.5 and 9 hours and an average of 5.6 hours (Table 3) .
Mice. All mice were housed at the Wake Forest School of Medicine barrier facility under the supervision of the Animal Research Program. Mice adhered to a 12-hour light/12-hour dark cycle, with regular feeding, cage cleaning, and 24-hour food and water access. Both male and female mice were used for experimentation. Homozygous Eef2k -/-mice and Tg19959 AD model mice were generated as described before (61) (62) (63) . Briefly, Tg19959 mice overexpress mutant human amyloid precursor proteins (APP KM670/671NL, V717F) (62). Breeders of Tg19959 AD model mice were a gift from George Western blots for postmortem human tissue. Hippocampal tissue from AD, FTD, and LBD patients and their respective age-matched controls was sonicated as previously described (45) . Samples containing equal amounts of protein lysate were loaded on 4%-12% Trisglycine SDS-PAGE gels (Bio-Rad, catalog 4561023) for standard gel electrophoresis. Following transfer, nitrocellulose membranes were blocked for 10 minutes in SuperBlock TBS Blocking Buffer (Thermo Fisher Scientific, catalog 37535). All primary and secondary antibodies were diluted in 5% milk/TBST. Blots were probed with primary antibodies for phospho-eEF2 (1:1000; Cell Signaling Technology, catalog 2331), eEF2 (1:1000, Cell Signaling Technology, catalog 2332), and GAPDH (1:10,000, Cell Signaling Technology, catalog 5174). Proteins were visualized using the ChemiDoc Imaging System (Bio-Rad). Densitometric analysis was performed using ImageJ software (NIH).
Western blots for mouse tissue. Mouse hippocampal tissue was flash-frozen on dry ice and sonicated as previously described in lysis buffer with protease and phosphatase inhibitors (45) . Samples containing equal amounts of protein lysate were loaded on 4%-12% Tris-glycine SDS-PAGE (Bio-Rad) gels for standard gel electrophorandomly among 4 locations. Trajectories, time spent in each maze quadrant, velocity, and distance moved were recorded using EthoVision XT software. Data collection and analysis were performed blinded.
Hippocampal slice preparation and electrophysiology. Acute 400 μm transverse hippocampal slices were prepared using a Leica VT1200S vibratome, as described previously (45) . Slices were maintained before experimentation at room temperature for at least 2 hours in artificial cerebrospinal fluid (ACSF) containing the following: 118 mM NaCl, 3.5 mM KCl, 2.5 mM CaCl 2 , 1.3 mM MgSO 4 , 1.25 mM NaH 2 PO 4 , 5.0 mM NaHCO 3 , and 15 g mM lucose, bubbled with 95% O 2 /5% CO 2 . For electrophysiology, slices were maintained at 32°C. Monophasic, constant-current stimuli (100 μs) were delivered with a bipolar silver electrode placed in the stratum radiatum of area CA3. Field excitatory postsynaptic potentials (fEPSPs) were recorded using a glass microelectrode from the stratum radiatum of area CA1. LTP was induced using high-frequency stimulation (HFS) consisting of two 1-second 100 Hz trains separated by 60 seconds, each delivered at 70%-80% of the intensity that evoked spiked fEPSPs. Data collection and analysis were not performed blinded. blot analysis. Puromycin-labeled proteins were identified using the mouse monoclonal antibody 12D10 (1:5000; EMD Millipore, catalog MABE343). Protein synthesis levels were determined by analyzing total lane density from 10 kDa to 250 kDa. Densitometric analysis was performed using Bio-Rad ImageLab software. Nissl stain. Brains were embedded in paraffin, sectioned at 5 μm thickness, and mounted on charged slides. Sections were cleared in xylene and rehydrated in a graded ethanol series. Slides were stained in 0.1% cresyl violet for 10 minutes and differentiated for 12 minutes in 95% ethanol. Sections were dehydrated through an ethanol series and cleared in xylene before being coverslipped with Vectamount Permanent Mounting Medium. Slides were imaged at ×2 and ×20 on a Keyence BZ-X710 microscope. Hippocampal area was measured and quantified using ImageJ.
Mouse tissue immunohistochemistry. Paraffin-embedded sections (5 μm) mounted on charged slides were cleared in xylene and rehydrated through a graded ethanol series. Sections were pretreated in boiling citrate buffer for 10 minutes and blocked in 3% H 2 O 2 for 25 minutes. To reduce nonspecific signals, sections were blocked using the Vector M.O.M. Kit according to the manufacturer's specifications (Vector Labs, catalog BMK-2202). Primary antibody 6E10 (mouse monoclonal; 1:200; BioLegend, catalog SIG-39320) was incubated overnight at 4°C in a humid chamber. A mouse monoclonal IgG isotope antibody (Cell Signaling Technology, catalog 5415) was used for negative control staining in Tg19959 sections to evaluate nonspecific binding of the primary antibody (Supplemental Figure 3A) . Following secondary antibody, sections were incubated in ABC reagent (Vectastain ABC Kit; Vector Labs, catalog PK-4000) followed by DAB solution (ImmPACT DAB; Vector Labs, catalog SK-4105) according to the manufacturer's instructions. Sections were dehydrated through a graded ethanol series, cleared in xylene, and coverslipped with VectaMount Permanent Mounting Medium. Slides were imaged at ×2, ×20, and ×60 on a Keyence BZ-X710 microscope. Hippocampal and somatosensory cortical regions were blinded and quantified. Densitometric analysis was performed using ×2 images and ImageJ software.
Postmortem human tissue immunohistochemistry. Postmortem tissue sections from patients were prepared at the University of Washington. Brains were fixed in 10% neutral buffered formalin. Hippocampal samples were embedded in paraffin and sectioned at 5 μm thickness. Sections were mounted on positively charged slides and baked for 30 minutes at 60°C. For staining, sections were deparaffinized in xylene and rehydrated through a graded alcohol series. Slides were boiled in citrate buffer (pH 6.0) for antigen retrieval. Endogenous peroxidase activity was blocked using 3% hydrogen peroxide for 25 minutes. Slides were incubated in a humid chamber in primary antibody for phospho-eEF2 (1:100, Cell Signaling Technology, catalog 2331) overnight at 4°C. Sections were then incubated in biotinylated α-rabbit secondary antibody (1: 200; Vector Labs, catalog PI-1000) for 30 minutes at room temperature followed by Vectastain Elite ABC Reagent (Vector Labs, PK-4000) for another 30 minutes. Primary and secondary antibodies and ABC reagent were diluted in 1% BSA/PBS. Diaminobenzidine (DAB) was diluted in Tris buffer (pH 7.7) and 3% hydrogen peroxidase in a working DAB solution. Sections were developed in DAB for 10 minutes in a 42°C water bath. Slides were counterstained using Mayer's hematoxylin and blued with 0.2% lithium carbonate. Negative controls were incubated in 1% BSA with rabbit IgG as the primary antibody. Sections were dehydrated in an alcohol series and resis. Following transfer, nitrocellulose membranes were blocked for 10 minutes in SuperBlock TBS Blocking Buffer (Thermo Fisher Scientific). All primary and secondary antibodies were diluted in 5% milk/TBST or 5% BSA/TBST. Blots were probed with primary antibodies for phospho-eEF2 (1:1000; Cell Signaling Technology, catalog 2331), eEF2 Golgi-Cox stain. Brains were processed using the FD Rapid GolgiStain Kit in accordance with the manufacturer's instructions (FD Neurotechnologies, catalog PK401). Transverse sections (100 μm) were made using a Leica VT1200S vibratome and mounted onto gelatin-coated slides. Development was performed according to kit instructions. Sections were dehydrated through a graded ethanol series and cleared in xylene. Slides were coverslipped with VectaMount Permanent Mounting Medium (Vector Labs, catalog H-5000) and imaged at ×100 on a Keyence BZ-X710 microscope. Area CA1 stratum radiatum apical dendrites were quantified. For spine analysis, images were blinded, and spines were manually counted and sorted as previously described (28) .
TEM. Brains were removed, and 1 mm thick transverse slices were cut using a Leica VT1200S vibratome. The CA1 was dissected and immediately fixed in 2.5% glutaraldehyde/1% paraformaldehyde in 0.1M Millonig's phosphate buffer (pH 7.3) overnight. The samples were washed in buffer and post-fixed with 1% osmium tetroxide in phosphate buffer for 1 hour. After washing, samples were dehydrated through a graded series of ethanol solutions. For preparation of resin infiltration, the samples were incubated in propylene oxide for two 15-minute changes. Finally, the samples were gradually infiltrated with 1:1, 1:2, and pure solutions of Spurr's resin and cured in a 70°C oven overnight. Sections of 90 nm were obtained with a Reichert-Jung Ultracut E ultramicrotome, stained with lead citrate and uranyl acetate, and viewed with a Tecnai Spirit transmission electron microscope operating at 80 kV (FEI Co.). Images were obtained with a 2Vu CCD camera (Advanced Microscopy Techniques) at ×11,000. Analysis for PSDs and polyribosomes was performed as previously described (30, 31) . Imaging and analysis were done by investigators blinded to animal groups.
SUnSET assay. Acute 400 μm transverse hippocampal slices were prepared using a Leica VT1200S vibratome as described previously (14) . Slices were maintained before experimentation at room temperature for at least 2 hours in ACSF containing the following: 118 mM NaCl, 3.5 mM KCl, 2.5 mM cleared with xylene, coverslipped, and dried overnight. Slides were imaged at ×20 and ×60 on a Keyence BZ-X710 microscope.
Aβ ELISA. Frozen mouse forebrain samples were sonicated as previously described (14) . Samples were centrifuged at 16,000 g for 20 minutes at 4°C, and supernatant was collected for ELISA. Aβ 1-42 (Thermo Fisher Scientific, catalog KMB3441) and Aβ 1-40 (Thermo Fisher Scientific, catalog KMB3481) sandwich ELISAs were performed according to the manufacturer's instructions. Anti-rabbit HRP-conjugated secondary antibodies and chromogen dye were used to visualize amyloid peptide levels. 96-Well plates were read at 450 nm using an iMark microplate reader (Bio-Rad).
Drug treatments. Drugs were prepared as stock solutions in either DMSO or dH 2 O and diluted into ACSF to a final concentration before experiments. For hippocampal slices, drug incubation was performed at 30-32°C in either a recording chamber or a submersion maintenance chamber containing ACSF saturated with bubbling 95% O 2 and 5% CO 2 . The final concentration and sources were as follows: anisomycin (40 μM; Tocris Bioscience, catalog 1290) and puromycin (1 μg/ ml; Thermo Fisher Scientific, catalog A1113803).
MS. Hippocampi were dissected and flash-frozen on dry ice. Tissue was lysed in PBS with protease/phosphatase inhibitors using a Bead Mill Homogenizer (Bead Ruptor, Omni International), 500 μl of ×2 RIPA buffer was added, and the mixture was incubated on ice for 30 minutes. Tubes were centrifuged at 18,000 g for 10 minutes, and the supernatant was used for analysis. Protein concentration was measured by BCA analysis, and 100 μg of protein was subjected to tryptic digestion.
Reducing alkylation was performed in the presence of 10 mM dithiothreitol and 30 mM iodoacetamide. Samples were incubated overnight at -20°C with cold acetone (4 times the volume of the sample). Protein was pelleted by centrifugation at 14,000 g for 10 minutes. After removal of supernatant, the pellet was dried by evaporation of residual acetone for 10 minutes at room temperature and suspended in 50 mM ammonium bicarbonate. The protein suspension was incubated with trypsin at a 1:50 enzyme-to-substrate ratio at 37 °C overnight. The resulting peptides were desalted using a C18 spin column. Purified peptide mixture was prepared in 5% (v/v) ACN containing 1% (v/v) formic acid for liquid chromatography-tandem MS (LC-MS/MS) analysis.
The LC-MS/MS system consisted of a Q Exactive HF Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific) and a Dionex UltiMate 3000 nano-UPLC system (Thermo Fisher Scientific) employing a Nanospray Flex Ion Source (Thermo Fisher Scientific). An Acclaim PepMap 100 (C18, 5 μm, 100 Å, 100 μm × 2 cm) trap column and an Acclaim PepMap RSLC (C18, 2 μm, 100 Å, 75 μm × 50 cm) analytical column were used for the stationary phase. Good chromatographic separation was observed with a linear gradient consisting of mobile phases A (water with 0.1% formic acid) and B (acetonitrile with 0.1% formic acid), with the gradient ranging from 5% B at 0 minutes to 40% B at 170 minutes. MS spectra were acquired by data-dependent scans consisting of MS/MS scans of the 20 most intense ions from the full MS scan, with a dynamic exclusion option of 10 seconds.
Spectra were searched using the Sequest HT algorithm within the Proteome Discoverer v2.1 (Thermo Fisher Scientific) in combination with the mouse UniProt protein FASTA database (annotated 16,747 entries, December 2015). Search parameters were as follows: FT-trap instrument, parent mass error tolerance of 10 ppm, fragment mass error tolerance of 0.02 Da (monoisotopic), variable modifications of
